Abstract-In this paper, for the first time real-world channel measurements are used to analyse the performance of spatial modulation (SM), where a full analysis of the average bit error rate performance (ABER) of SM using measured urban correlated and uncorrelated Rayleigh fading channels is provided. The channel measurements are taken from an outdoor urban multiple input multiple output (MIMO) measurement campaign. Moreover, ABER performance results using simulated Rayleigh fading channels are provided and compared with a derived analytical bound for the ABER of SM, and the ABER results for SM using the measured urban channels. The ABER results using the measured urban channels validate the derived analytical bound and the ABER results using the simulated channels. Finally, the ABER of SM is compared with the performance of spatial multiplexing (SMX) using the measured urban channels for small and large scale MIMO. It is shown that SM offers nearly the same or a slightly better performance than SMX for small scale MIMO. However, SM offers large reduction in ABER for large scale MIMO.
I. INTRODUCTION
Multiple input multiple output (MIMO) systems offer a significant increase in spectral efficiency in comparison to single antenna systems [1] . An example is spatial multiplexing (SMX) [2] . SMX achieves a spectral efficiency that increases linearly with the number of transmit antennas, by transmitting simultaneously over all the transmit antennas. However, SMX cannot cope with the exponential increase of wireless data traffic, and a larger number of transmit antennas (large scale MIMO) should be used. Large scale MIMO systems studied in [3] , offers a higher data rate and better average bit error performance (ABER). However, this comes at the expense of an increase in i) hardware complexity, where the number of radio frequency (RF) chains is equal to the number of transmit antennas, ii) receiver computational complexity, where the SMX complexity increases exponentially with the number of transmit antennas. Thus, SMX may not be always feasible and a cheaper solution should be used.
Spatial Modulation (SM) is a transmission technology proposed for MIMO wireless systems. It aims to increase the spectral efficiency, of single-antenna systems while avoiding Inter-Channel Interference (ICI) [4] . This is achieved by i) the activation of a single antenna at each time instance which transmits a given data symbol (constellation symbol), and ii) the exploitation of the spatial position (index) of the active antenna as an additional dimension for data transmission (spatial symbol). The receiver applies the Maximum Likelihood optimum decoder for SM (SM-ML), which performs an exhaustive search over the whole constellation symbol and spatial symbol space. Activating only one antenna at a time means that only one RF chain is needed, which significantly reduces the hardware complexity of the system [5] . It also offers a significant reduction in the energy needed. This reduction increases linearly with the number of transmit antennas, as only one antenna needs to be powered at a time, i.e., "green" technology. Moreover, as it will be shown in this paper the computational complexity of SM-ML is equal to the complexity of single-antenna systems, i.e., the complexity of SM-ML does not depend on the number of transmit antennas. Accordingly, SM is an attractive candidate for large scale MIMO.
In this paper, for the first time real-world channel measurements are used to analyse the performance of SM, where a full analysis of the ABER of SM using measured urban correlated and uncorrelated Rayleigh fading channels is provided. The channel measurements are taken from an outdoor urban MIMO measurement campaign. Moreover, an analytical bound for the ABER of SM is derived and performance results using simulated Rayleigh fading channels are provided. It is shown that the results using the measured urban channels validate the derived analytical bound and the results using the simulated channels. Furthermore, the ABER of SM is compared with the performance of SMX using the measured urban channels for small and large scale MIMO. It is shown that SM offers nearly the same or a slightly better performance than SMX for small scale MIMO. However, SM offers large reduction in ABER for large scale MIMO.
The remainder of this paper is organised as follows. In Section II, the system model and the ML-optimum receiver are summarised. In Section III, the channel measurements are introduced. In Section IV, an analytical bound for SM over correlated and uncorrelated Rayleigh channels is derived. The complexity of SM and SMX is discussed and compared in V. Finally, the results are presented in Section VI, and the paper is concluded in Section VII.
II. SYSTEM MODEL
In SM, the bit stream emitted by a binary source is divided into blocks containing m = log 2 (N t ) + log 2 (M ) bits each, where m is the spectral efficiency, N t is the number of transmit antennas and M is the signal constellation size. Then the following mapping rule is used [4] :
• The first log 2 (N t ) bits are used to select the antenna that is switched on for data transmission, while all the other transmit-antennas are kept silent. In this paper, the actual transmit-antenna that is active for transmission is denoted by ℓ t , with ℓ t ∈ {1, 2, . . . , N t }.
• The second log 2 (M ) bits are used to choose a symbol in the signal-constellation diagram. Without loss of generality, Quadrature Amplitude Modulation (QAM) is considered. In this paper, the actual complex symbol emitted by the transmit-antenna ℓ t is denoted by s t , with s t ∈ {s 1 , s 2 , . . . , s M }.
Accordingly, the N t × 1 dimensional transmit vector is:
where
T denotes transpose operation, and 0 p×q is a p × q matrix with all-zero entries. The transmitted vector, x ℓt,st , in (1) is transmitted over a flat fading N r × N t MIMO channel with transfer function H, where N r is the number of receive antennas. The Kronecker channel model [6] , with an exponential correlation profile for both the transmitter correlation matrix (R Tx ) and receiver correlation matrix (R Rx ), is used to model channel correlation [7] ,
whereH has independent and identically distributed (i.i.d.) entries according to CN (0, 1). Thus, the N r × 1 dimensional receive vector can be written as follows:
where n is the N r -dimensional Additive White Gaussian Noise (AWGN) with zero-mean and variance σ 2 per dimension at the receiver input.
At the receiver the ML optimum detector for MIMO systems is used,x t = arg min
where Q m is a 2 m space containing all possible (N t × 1) transmitted vectors, · F is the Frobenius norm, and· denotes the estimated spatial and constellation symbols.
In SM only one transmit antenna is active at a time. Therefore, the optimal receiver in (5) can be simplified to,
where y r and h ℓ,r are the r-th entries of y and h ℓ respectively.
III. CHANNEL MEASUREMENT AND MODEL
The channel measurements used within this paper were acquired within the Mobile VCE MIMO elective [8] . MIMO channel measurements were taken around the centre of Bristol in the United Kingdom, using a MEDAV RUSK channel sounder, a 4×4 antenna configuration, with 20 MHz bandwidth centred at 2 GHz. The transmitter consisted of a pair of dual polarised (±45
• ) Racal Xp651772 antennas [9] separated by 2 m, positioned atop a building, providing elevated coverage of the central business and commercial districts of Bristol city. At the receiver two different receiver devices are used, both equipped with four antennas.
The two receiver devices are a reference headset and a laptop. The reference antenna design is based on 4-dipoles mounted on a cycle helmet, thus avoiding any shadowing by the user. The laptop is equipped with 4 PIFA elements, both devices are detailed in [8] . Fifty-eight measurement locations were chosen around the city. At each location the user walked, holding the laptop in front of them and the reference device on their head, in a straight line roughly 6 m long, until 4096 channel snapshots have been recorded. A second measurement was then taken with the user walking a second path perpendicular to the first. As the measurement speed is significantly faster than the coherence time of the channel, the measurements are averaged in groups of four to reduce measurement noise.
One set of measurement results with the laptop and reference device, and a second set of only the reference device measurements taken at the same locations, but on different days, is also included in the measurement data for analysis. This provides a total of 348 different measurement sets, each containing 1024 snapshots of a 4 × 4 MIMO channel, with 128 frequency bins spanning the 20 MHz bandwidth. As the simulations are carried out using flat fading channels, a single frequency bin centred around 2 GHz, is chosen from each measurement snapshot to create the narrowband channel.
A. Small Scale MIMO
For small scale MIMO, Rayleigh fading channels were distinguished using the Chi-squared goodness of fit test, with a significance level of 1%, where of the 348 measurements, only 20 measurements fulfilled this requirement. For each measurement the transmit and receive correlation matrices are estimated, then the decay of the correlation, based on the antenna indices, is fitted to an exponential decay model [7] , 
where r c = exp (−β), β is the correlation decay coefficient, and n is the number of antennas. Two channels with the lowest mean square error between the exponential decay in (6) and the actual correlation matrices are chosen for the two correlated channel results. Both of the chosen channels are from measurements taken using the laptop device, and the measured decay coefficients for the transmitter and receiver
For the uncorrelated channels, the two channels with the lowest average correlation coefficient between their MIMO channels were chosen. One is from the laptop measurements, and the other from the reference headset device measurements. Selecting the channels in this manner may not provide completely uncorrelated channels per say, as there may still be a small correlation between the channels. However, it will provide the channel measurements that experienced the lowest spatial correlations.
B. Large scale MIMO
The original measurements were taken using 4 × 4 system. However, by manipulating the measurements we are able to create much larger virtual MIMO systems.
The following steps are taken in order to create the large scale channel array: 1) Channel measurements from the reference device is used to exclude the body shadowing effects.
2) The original channels are reversed, such that the mobile station becomes the transmitting device. The reason for that is that the transmitters of the original channel measurements are fixed on top of a building, while the receiver device moved.
3) The first channel from each snapshot, from the walking measurements, was chosen to form each of the virtual array transmitters, resulting in a virtual array with 1024 elements. 4) To reduce the correlation between adjacent channels, every fourth element of this array was chosen, forming a maximum array size of 256 antennas. These are equally spaced along a path of about 6 m in length. 5) The locations with good fitting to Rayleigh fading distributions were first chosen, and then those that showed the lowest variation in their Rayleigh fading statistics between each virtual spatial channel were selected. This is done to avoid the scenario where the user experienced significant channel shadowing along part of the walking measurement, as this would introduce a significant power imbalance in the virtual MIMO channel.
The Rayleigh fading mean statistic of the normalised constructed virtual MIMO channel has an average of 0.70, and a variance of 0.16.
IV. ANALYTICAL MODELLING OF SM-ABER OVER CORRELATED AND UNCORRELATED CHANNELS
The ABER for SM system can be approximated by using the union bound [10] , which can be expressed as follows,
where N (x ℓt,st , x ℓ,s ) is the number of bits in error between x ℓt,st and x ℓ,s , E H {·} is the expectation across H and Pr (x ℓ,s = x ℓt,st ) is the conditional pairwise error probability (PEP) of deciding on x ℓ,s given that x ℓt,st is transmitted,
where Ψ = (x ℓt,st − x ℓ,s ), and the alternative integral expression of the Q-function is given in [11] . Taking the expectation of (8), we have,
where Φ (·) is the moment-generation function (MGF) of the random variable H Ψ 2 .
From [12] , and noting that in SM only one antenna is active at a time, the MGF in (9) for quasi-static fading with spatial correlation is equal to,
(1 − sλ j µ) −1 (10) where λ j are the eigenvalues of R Rx and µ = |s t | 2 + |s| 2 − 2Re{s t s * }R Tx (ℓ t , ℓ) . Substituting (10) and (9) in (7) and using the Chernoff bound, the ABER for SM over Rayleigh channels is,
(11) In Section VI, we show that the two bounds; for uncorrelated and correlated Rayleigh channels, i) are tight upper bounds for SM, and ii) they validate the experimental results.
V. COMPLEXITY ANALYSIS
In this section the receiver complexity for SM-ML is compared to the complexity of SMX-ML. The complexity is computed as the number of real multiplicative operations (×, ÷) needed by each algorithm [13] .
• SM-ML: The computational complexity of the SML-ML receiver in (5) is equal to
as the ML detector searches through the whole transmit and receive search spaces. Note, evaluating the Euclidean distance |y r − h ℓ,r s| 2 requires 2 complex multiplications, where each complex multiplication requires 4 real multiplications.
• SMX-ML: The computational complexity of SMX-ML is equal to,
Note, |y − Hx| From (12) and (13), the reduction of SM-ML receiver complexity relative to the complexity of the SMX-ML decoder for the same spectral efficiency is given by,
From (12), the complexity of SM does not depend on the number of transmit antennas, and it is equal to the complexity of single-input multiple-output (SIMO) systems. Hence, the reduction in complexity offered by SM increases with the increase in the number of transmit antennas. However, the complexity of SMX increases linearly with the number of transmit antennas. For example from (14), for N t = 4, SM offers a 60% reduction in complexity, and as the number of transmit antennas increase the reduction increases. For N t = 128, SM offers 98% reduction in complexity. 
VI. RESULTS
In the following, Monte Carlo simulation results for the ABER performance of SM using the measured urban channels and simulated Rayleigh channels are compared with the derived analytical bound. Note, each channel of the measured urban channels contains 1024 snapshots. Furthermore, the performance of SM using the measured urban channel is compared with the performance of SMX over the same channels for small and large scale MIMO. Fig. 2 show the ABER performance of SM using the measured urban channels (solid line) and using simulated Rayleigh channels (red dashed line). The results are compared with the derived analytical bound (blue dotted line), for m = 4 and N t = N r = 4. Fig. 1 shows the ABER for uncorrelated channels and Fig. 2 shows the ABER for correlated channels.
A. Validation of SM analytical ABER performance using experimental results

Fig. 1 and
As can be seen from the figures, the experimental results closely match the simulation and analytical curves for ABER < 10 −2 . In Fig. 1 we can see that SM offers the same performance for both chosen channels, where both channels are uncorrelated. However, in Fig. 2 , there is a slight difference in the performance, since the two chosen correlated channels have different correlation matrices. Moreover, if we compare the results for uncorrelated channels in Fig. 1 with those correlated channels in Fig. 2 , we see that SM performs better when the channels are uncorrelated channels, as it is easier to distinguish the different channel paths.
B. Comparison in the ABER performance of SM and SMX 1) Small Scale MIMO:
Figs. 3 and 4 compare the ABER between SM (solid line) and SMX (dashed line) using the measured urban channels for m = 4 and N t = N r = 4. From both figures, we can see that SM offers almost the same as or slightly better performance than SMX. In Fig. 3 , the performance of both systems does not change for both channels since the channels are uncorrelated. However, as shown in Fig. 4 , this is not the case for the correlated channels, where the performance is different due to the different correlation coefficients.
2) Large Scale MIMO: Fig. 5 compares the ABER between SM (solid line) and SMX (dashed line) using the virtual large scale MIMO channel created using the measured urban channels as explained in Sec.III-B, where m = 8, N r = 4. For m = 8 the maximum number of transmit antennas that SMX can use is N t = 8, where m = N t log 2 (M ). However, for SM the maximum number of antennas that can be used is N t = 128, making it possible to exploit the advantages of large scale MIMO. Note that for SM it holds that: m = log 2 (N t ) + log 2 (M ). Finally, in Fig. 5 we can see that SM with N t = 128 and N t = 64 offers 6 dB and 4 dB better performance than SMX with N t = 8 and N t = 4 respectively. Note that the constellation size is the same for both SM with N t = 128 and SMX with N t = 8, as is for SM with N t = 64 and SMX with N t = 4. As the constellation size of the signal symbol is increased, the ABER of SM and SMX increases, i.e., moving to N t = 16 for SM we see that SM offers only a 1 dB performance increase relative to SMX with N t = 2. Note, the number of bits sent per transmission for both SM and SMX for all the scenarios is equal, m = 8.
VII. SUMMARY AND CONCLUSION
In this paper, performance analysis of SM using urban Rayleigh channel measurements for both correlated and uncorrelated scenarios has been carried out. An analytical bound has been derived and performance results using simulated channels have been provided. An important observation is that experimental results confirm the analytical bound as well as computer simulations of the system. The performance of SM has been compared with the performance of SMX using the same urban channels. It has been demonstrated that for small scale MIMO, SM offers similar or slightly better ABER performance. However, for large scale MIMO, SM exhibits a significant enhancement in the ABER performance at no increase in complexity. This makes SM an ideal candidate for future large scale MIMO systems.
